Abstract The sinoatrial node (SAN) is the dominant pacemaker of the heart. Abnormalities in SAN formation and function can cause sinus arrhythmia, including sick sinus syndrome and sudden death. A better understanding of genes and signaling pathways that regulate SAN development and function is essential to develop more effective treatment to sinus arrhythmia, including biological pacemakers. In this review, we briefly summarize the key processes of SAN morphogenesis during development, and focus on the transcriptional network that drives SAN development.
Introduction
The sinoatrial node (SAN) is the dominant pacemaker of the heart, located at the junction of the superior vena cava and right atria, that regulates heart beat frequency [1] . Abnormalities in SAN formation and function cause sinus arrhythmia and sudden death. Human sinus node dysfunction (SND), or sick sinus syndrome, is a group of heart rhythm disorders, characterized by an alternating occurrence of sinus bradycardia, sinoatrial (SA) arrest/block, or bradycardia-tachycardia syndrome, due to abnormal sinus pacemaking and conduction, and is the most common reason for pacemaker implantation [2] . SND may be seen at any age, but occurs most frequently in the elderly. Rather than being a single clinical entity, SND is often a result of other heart disorders such as coronary artery disease, atrial fibrillation, cardiac fibrosis, heart failure, diabetes and aging. The pathophysiology of SND is unclear, but involves complex structural and electrical remodeling, and changes in gene expression both in the SAN and surrounding atrial myocardium that eventually perturb pacemaking and impulse conduction [2] [3] [4] . Despite great successes in pacemaker implantation for the treatment of SND, limitations to the electronic pacemaker exist. These include limited response to autonomic regulation or increased physical activity, and the fixed size of the electronic device that does not meet the need for growth in pediatric patients. Biological pacemakers have the potential to address these limitations, but their development requires increased understanding of molecular mechanisms underlying SAN development and function.
Highly regulated expression of ion channels and associated proteins, intracellular calcium handling proteins and Connexins in the SAN contribute to proper SAN pacemaking and conduction. Misexpression of a number of these genes results in electrical remodeling and has been implicated in the pathogenesis of SND. However, it remains largely unknown as to how expression of these critical pacemaker channels and related genes are regulated and maintained. The Popeye domain containing (POPDC) genes (Popdc1-3), encoding a family of cAMP effector proteins, are abundantly expressed in heart and skeletal muscle. Ablation of Popdc1 or Popdc2 results in bradycardia, frequent sinus pauses and hypoplastic SAN tail, and the phenotype is stress induced-and age-dependent, closely mimicking human SND [5, 6] . A familial missense variant in POPDC1 (S201F) has been identified that causes cardiac arrhythmia and muscular dystrophy due to impaired membrane trafficking of both Popdc1 and Popdc2 [7] . A number of transcription factors, including Tbx18, Tbx3, Shox2, Isl1, and Tbx5, are required for the SAN development and function. However, the role of these transcription factors in maintenance of postnatal and adult SAN gene expression, cellular identity and functional homeostasis remain largely unknown [8] . Here, we will focus on recent progress in our understanding of progenitor populations that give rise to the SAN during embryonic development, and the transcriptional networks that regulate pacemaker lineage formation. Electrophysiological regulation of pacemaker activity has been the subject of recent reviews [3, 4] , and will not be covered here.
SAN structure
The mature SAN is composed of heterogeneous cell types, including myocardial pacemaker cells and a substantial number of non-pacemaker cells, including transitional cells, fibroblasts and endothelial cells. Pacemaker cells are typically packed into clusters that are surrounded by fibroblasts and variable extracellular matrix (fibrous tissues) [4, 9] . Interaction and coupling between different SAN cell types, and surrounding atrial cardiomyocytes, is not fully understood. It is clear, however, that fibrotic shielding and graded expression of low and high conductance Connexins (Cx45 vs Cx40/Cx43) is critical for productive pacemaking, conduction and protection of pacemaker cells from hyperpolarization by surrounding atrial cells [9, 10] . Changes in expression of Connexins and increased fibrosis within the SAN region are observed with aging and associated with SND [9] .
The SAN is a multi-compartment structure, composed of a head/center and tail/periphery region, and several specialized conduction pathways (Fig. 1) . In the adult, the SAN head/center, densely packed with clusters of pacemaker cells, is the leading pacemaker region, although the leading pacemaker region can shift within the SAN in response to various stimuli [11, 12] . Tbx18 null mouse embryos that are missing the SAN head exhibit normal heart rhythm, suggesting that the SAN tail can compensate for the loss of SAN head, and function as a pacemaker during embryonic stages [13] . Whether the SAN head is essential for adult pacemaking, however, remains unclear. In contrast, ablation of Shox2 within the SAN tail results in severe SND in adult mice, highlighting an essential role of this part of the SAN in both pacemaking and conduction in the adult [14, 15] . The SAN periphery/tail is mixed with both pacemaker and atrial myocardial cells and has several specialized conduction pathways, including the SA conduction pathways (SACPs), chiefly composed of transitional cells of the SAN and intranodal atrial strands (ast), that project to both the peripheral and central SAN [9, [16] [17] [18] (Fig. 1 ). SACPs interdigitated with intranodal atrial strands are thought to be preferential conduction pathways for electrical impulses from the SAN to atrial myocardium [9, 10, 16] . Disruption of these pathways due to fibrosis and miscoupling of SAN cells and atrial myocardium may cause source-sink imbalance, reentry and exit block [10] . The transitional cells have been defined as cells with a phenotype that is intermediate between that of pacemaker cells and atrial myocytes, both morphologically and functionally, and in terms of the number of myofibrils and mitochondria they contain [19, 20] . The molecular and cellular identity of transitional cells and atrial strands are unknown, they may share features of both SAN pacemaker cells and surrounding atrial myocardium [15] .
Contributions of heart field progenitors to the SAN Over the last decade or so, a new paradigm for heart development has emerged,which demonstrates that distinct progenitors of the first and second heart fields, based on their timing of differentiation, give rise to the heart [21] [22] [23] . After formation of the early heart tube from the first heart field (FHF), the progenitors of the second heart field (SHF) migrate into the heart from both anterior (arterial) and posterior (venous) poles, contributing to the right ventricle (RV), outflow tract (OFT), and a majority of cells within the left and right atria [24] . Intriguingly, DiI labeling in chick embryos at stage 8 mapped specified SAN progenitors to a discrete region of the right lateral plate mesoderm that is posterior to a known marker of the second heart field, Isl1, and found that canonical Wnt signaling contributes to pacemaker lineage specification [25] . Given that Isl1-Cre lineages give rise to most atrial lineages, including the SAN [24, 26, 27] , these observations suggest that the ''tertiary heart field'' in chick embryos, that contains pacemaker progenitors, as well as progenitors of atria and atrioventricular myocardium, activates expression of Isl1 as it migrates into the heart. It will be of future interest to identify markers that identify this tertiary heart field, and investigate its relevance to heart development in other organisms.
The pacemaker and left-right asymmetry
Located at the right sinoatrial junction, the SAN is by its nature an asymmetric structure. In mouse embryos, leftright identity of the inflow region is specified around the six-somite stage (E8-8.5), correlating with asymmetric expression of the homeodomain transcription factor, Pitx2c, within the left heart field [28] [29] [30] . Lineage studies using Dil labeling in chick or mouse embryos revealed that progenitors of the right and left posterior SHF do not mix, and contribute to the right or left atria or sinus venosus (SV), respectively [25, 31, 32] .
During mouse and chick development, the first heartbeat is recorded in a left-dominant fashion in the inflow tract (IFT) as early as E8.0-8.5 in mouse or rat, stage 10 in chick [33] [34] [35] [36] [37] [38] . These early pacemaker cells will not contribute to the definitive SAN, but rather to the atrioventricular region [25, 39] . By heart looping stages, pacemaking activity is localized to the right inflow, juxtaposed to forming atria [9, [17] [18] [19] [20] [21] [22] . These cells will go on to form the SAN which develops at the right sinoatrial junction. The first morphologically discernible SAN is formed at E10.5-11.5, which further proliferates and becomes mature at E13.5 [35, 40] .
Expression of the hyperpolarization-activated cyclicnucleotide gated ion channel, HCN4, marks and contributes to SAN activity during development and in the adult [27, [41] [42] [43] . Intriguingly, initial expression of Hcn4 occurs at the cardiac crescent stage in mice (E7.5), and Hcn4 is expressed more highly on the left than on the right [41] . At E8.0, Hcn4 is expressed in a stripe across the junction of the forming atrium and sinus venosus, but is of SAN and the right atria (dorsal view), highlighting the interdigitation of SAN and surrounding atria working myocardium (ct), atria strands (arrow), potential SACPs (arrowhead) (as atrial septum, AVN atrioventricular node, bz block zone, ct crista terminalis, HB hisbundle, ivc inferior vena cava, lv left ventricle, ra right atria, raa right atrial appendage, rv right ventricle, SAN sinoatrial node, svc superior vena cava) Development of the cardiac pacemaker 1249 more highly expressed on the left side of the sinus venosus, correlating with an early left-dominant pacemaker. At E8.5, Hcn4 becomes more highly expressed on the right side, at the junction between the atrium and the sinus venosus, in the cells that will go on to form the mature SAN.
Patterning of posterior heart field progenitors, including the SAN Progenitors of the posterior SHF will contribute to myocardium of the atria, the SV, pulmonary vein (PV), and the SAN. Sublineage segregation of progenitors that give rise to these distinct structures appears to occur early during development, as marked by distinct expression of specific transcription factors, including those of the homeodomain family, including Isl1, Nkx2-5, Shox2, and Pitx2c, and others of the T-box (Tbx) family, including Tbx18, Tbx3, and Tbx5. After initial formation of the primitive SV from the first differentiated Isl1?/Nkx2.5? posterior SHF progenitors before E9.5, a caudal-lateral subset of the SHF marked by Tbx18?, Isl1? low, but Nkx2-5-, starts to emerge at E8.5-9.5 and contributes to myocardium of the sinus horn. Among Tbx18? sinus horn mesenchyme progenitors, a posterior-most subset of progenitors coexpressing Tbx18 and Isl1 will contribute to SAN formation [13, 31, 44] . In contrast, PV myocardium is derived from a distinct progenitor population of the dorsal mesocardium that is Isl1?/ Nkx2.5?/Tbx3?, but Tbx18- [31, 45, 46] . Retrospective clonal analysis using an a-cardiac actin-nlaacZ line demonstrated a clonal relationship between the PV and progenitors of the left SV/coronary sinus [47] . Consistent with this, a recent lineage study with Shox2-Cre demonstrated that PV myocardium shares a common lineage origin with the left SV [14, 15] .
The SAN is a multi-compartment structure, composed of a head embedded in the right superior vena cava, and a tail extending into the crista terminalis [18] . Lineage studies with HCN4-CreERT2 revealed that the SAN head (Nkx2-5-) and tail/periphery (Nkx2-5?) may be derived from distinct progenitor populations. Tamoxifen inductions of HCN4-CreERT2 from E7 to 7.5, harvesting at E16.5, selectively labeled a few cells in the SAN tail [27, 43] . Tamoxifen inductions of HCN4-CreERT2 at E8.5 or later resulted in robust labeling of the SAN head [27, 43] , consistent with emergence of SAN progenitors at around the six-sormite stages (*E8.5) in the right caudal-most SV [13, 44] . Lineage studies with Tbx18-Cre revealed that both the SAN head and tail are labeled, although Tbx18 is not actively expressed in the SAN tail [13] . Tbx18? mesenchyme, isolated from the lateral side of the inflow tract of Tbx18-GFP embryos at E9.5 and cultured for 96 h, expresses HCN4 and the myocardial marker MF20, but not Nkx2.5, consistent with having potential to give rise to the SAN head, but not the tail [31] .
At early embryonic stages, myocardium of the SV and PV exhibit hybrid phenotypes of atrial working cardiomyocytes and pacemaker cells, expressing atrial myocyte genes (Nkx2-5), as well as pacemaker genes (Hcn4), and marked by a conduction system marker, CCSLacZ [48] . Later, the majority of SV myocardium loses expression of pacemaker genes as it incorporates into the atrioventricular canal, right atria, right superior vena cava (right), PV (left), and coronary sinus (left, in human) [39, 49] . However, under certain pathological conditions such as ischemia, these cells may re-express a pacemaker phenotype. Thus, adult arrhythmias often map to embryonic pacemaker region-derived myocardium [50, 51] .
Transcriptional regulation of SAN development
Formation of the SAN is tightly regulated by a network of transcription factors that display a dynamic and distinct expression pattern in the SAN and surrounding atrial working myocardium. These transcription factors play critical roles both in specification and differentiation of pacemaker cells, and in maintaining pacemaker identity and function (Fig. 2a) . Integration of results from a large number of studies has resulted in a cross-repressive model for pacemaker development has emerged (Fig. 2b) . Cardiac progenitor factors expressed broadly in the heart, including Tbx5, Nkx2-5 and GATA4, establish a working myocardial cell fate, whereas factors confined to the SAN function as activators to promoter pacemaker cell fate, and/or as repressors to prevent working myocardial cell fate. For example, in cells with increased expression of Nkx2-5 and Tbx5, SAN genes such Shox2 and Tbx3 are repressed to promote a working myocardial cell fate. On the other hand, in cells with sustained expression of Isl1, Shox2 and Tbx3, working myocardial-enriched genes, including Nkx2-5, are repressed, and SAN specific genes are activated. Below we will further discuss the expression and roles of several key transcription factors during SAN development.
Tbx18
Early in development, Tbx18 marks proepicardium and epicardium, sinus horn myocardium, and SAN. Tbx18 expression is initiated at around E8.25 in mesenchymal cells of the IFT that caudally abut Nkx2-5? SV myocardium. A subset of Tbx18? mesenchymal progenitors coexpressing Isl1 at the caudal-lateral most border will give rise to myocardium of the sinus horn and the SAN [13, 30, 31, 44] . At E8.5, coexpression of Tbx18 and Isl1 appears to be bilateral, with the left domain of SV mesenchyme additionally coexpressing Pitx2c [30] . After E8.5, the Tbx18?/Isl1? area becomes confined to the right lateral side likely due to Isl1 downregulation on the left side [30, 31, 44, 52] . Soon after sinus horn myocardium starts to differentiate, from E9.5 to E10.5, and the first morphologically discernible SAN, coexpressing Tbx18, Isl1 and Tbx3, becomes visible in right sinus horn myocardium [13, 30, 31, 44] . Tbx18-Cre lineage studies revealed that the entire SAN is derived from Tbx18-Cre lineages, although Tbx18 is not actively expressed in the SAN tail/ periphery [13] , suggesting a transient Tbx18 expression in cells that contribute to SAN tail. Tbx18 expression is gradually downregulated in SAN head and becomes undetectable by birth [53] . However, using a Tbx18-GFP knock-in mouse line, we found that Tbx18-GFP is actively expressed in a small population of adult SAN cells, a subpopulation of which co-express Isl1 (YS, unpublished data).
Tbx18 is required for formation of the sinus horn and SAN head. Ablation of Tbx18 results in failure to form the sinus horn, and a loss of the SAN head. However, the SAN tail of Tbx18 mutants is formed correctly and embryos exhibit normal sinus rhythm [13, 44] . No changes in cell death, proliferation, or SAN gene expression (Tbx3, Isl1, Shox2), and no ectopic expression of atrial chamber genes (Cx40, Nppa, Nkx2-5) are observed in the residual SAN tail of Tbx18 mutants. These observations suggest a specific requirement for Tbx18 in specification and recruitment of the SAN head, and therefore, delineate distinct regulatory mechanisms for the formation of SAN head and tail. Furthermore, expression of genes critical for inflow tract (IFT) morphogenesis, including Gata4, Gata6, Raldh2, Coup-TFII, and Tbx5, is not altered in Tbx18 mutants, suggesting that Tbx18 acts downstream or in an independent molecular pathway [44] . Lineage studies have demonstrated that expression of Tbx18 and Nkx2-5 is mutually exclusive in the IFT. However, in contrast to cross-repressive mechanisms observed for Nkx2-5/Shox2 and Nkx2-5/Tbx3 in establishing the SAN-atrial boundary (see below), neither Tbx18 nor Nkx2-5 were derepressed in Nkx2-5 or Tbx18 mutants, respectively, suggesting that upstream factors and other mechanisms are responsible for formation of the border between the sinus horns and atria [13, 15, 44] .
Tbx18 overexpression by adenoviral transduction of neonatal rat ventricular myocytes in vitro, and in adult guinea pig ventricular myocytes in vivo, induces pacemaker-like cells that resemble native SAN cells in their morphology, electrophysiology, gene expression and epigenetic features (H3K4me3 and H3K27me3 modification in promoters of selected candidates, including Cx43, Kir2.1, Actc2 and Hcn4) [53] . Overexpression of TBX18 in ventricle of adult pigs with complete heart block can reprogram ventricular cardiomyocytes to pacemaker cells that function as a de novo pacemaker [54] . This reprogramming by TBX18 is durable and independent of continuous TBX18 expression [54] . Although effective pacing by TBX18 overexpression is transient, this is the most successful example of a single transcription factor inducing adult cardiomyocyte reprogramming in a clinically relevant system. Surprisingly, transgenic overexpression of Tbx18 in embryonic mouse heart is not sufficient to induce an SAN program or SAN differentiation of chamber cardiomyocytes [55] , suggesting the presence or absence of (an) unidentified factor(s) in cardiomyocytes that is blocks or is required for reprogramming of chamber myocytes to SAN phenotype in this system. Molecular pathways downstream of Tbx18 in SAN formation during development remain unknown [53, 56] .
Shox2
The homeodomain transcription factor Shox2 is expressed from, as early as E8.5, first appearing in the IFT region of developing heart, and later including SV myocardium, SAN and venous valves, and PV [57, 58] . Shox2 is required for IFT development, and plays a critical role in pacemaker cell differentiation, and in defining the boundary between SAN and working cardiomyocytes of the atrium. Shox2 acts mainly as a transcriptional repressor in IFT development by repressing Nkx2-5 and the working myocardial gene program, thus allowing activation of the pacemaker gene program (Tbx3, Isl1, Hcn4). Shox2 null mice die between E11.5 and E17.5, and exhibit bradycardia, hypoplastic SAN and SV, owing to decreased proliferation [57, 58] . Shox2 hypomorphic mice exhibit bradycardia and die a few days after birth [59] . Expression of Tbx3, Isl1 and Hcn4 is downregulated, whereas Nkx2-5, Nppa and Cx40 are ectopically expressed in Shox2 mutant SAN, demonstrating a failure to repress an atrial myocardial program [57, 58] . Tbx18 expression in Shox2 mutant SANs is not changed. Overexpression of Shox2 in Xenopus embryos results in loss of cardiac progenitors and Nkx2-5 expression, and mutant embryos exhibit a smaller heart tube, and slow and irregular heartbeat, similar to that of Nkx2-5 null mice [58] .
Expression of Shox2 and Nkx2-5 in the IFT is largely complementary, except within the SAN tail/periphery and in PV myocardium, where they are strongly coexpressed. Recent studies have revealed a Shox2-Nkx2-5 antagonistic mechanism for regulating cell fate between pacemaker and working myocardium. Disturbing the balance of gene expression in favor of Shox2 or Nkx2-5 shifts cell fate between pacemaker and working myocardium, respectively [14, 15] . Deletion of Shox2 in the SAN tail/periphery with Nkx2-5-Cre results in loss of Tbx3, Hcn4 and Isl1 expression, but ectopic Cx40 activation, and adult mutant mice exhibit sick sinus syndrome characterized by severe bradycardia, irregular heartbeat and sinoatrial (SA) block. Concomitant Nkx2-5 hypomorphism in Shox2 mutants reestablishes expression of Hcn4, Tbx3, Isl1 and Cx40 in the SAN tail/periphery. Similarly, Nkx2-5 hypomorphism results in a pacemaker-like phenotype (Hcn4?/Cx40-) in PV myocardium, which is reverted to a working myocardial fate (Cx40?/Hcn4-) when Shox2 is simultaneously deleted. These studies suggest that Shox2 plays a permissive role for activation of the pacemaker gene program by antagonizing inhibitory effects of Nkx2-5. When Nkx2-5 is absent, Shox2 is dispensable for expression of Isl1, Tbx3 and Hcn4, suggesting that these genes are not direct targets of Shox2, although Isl1 has been shown to be a direct target of Shox2 [60] . These studies suggest a complex crossregulatory network during SAN formation, where expression of Isl1 and Shox2 is mutually dependent, both acting upstream of Tbx3, and together regulating an SAN gene program. Expression of Isl1, Shox2 and Tbx3 (SAN genes) is repressed by Nkx2-5, whereas Shox2 and Tbx3 can repress Nkx2-5 expression (Fig. 2) . In addition, deletion of Shox2 in the SAN tail/periphery leads to loss of the SAN tail and severe SAN dysfunction, arguing again that the SAN tail plays an essential role in pacemaking.
Shox2 directly interacts with Nkx2-5 and Tbx5. ChIPSeq analyses have revealed substantial genomewide cooccupancy of binding peaks for Shox2, Nkx2-5 and Tbx5, suggesting co-regulation of target genes by Shox2, Nkx2-5 and Tbx5 directly, and a mechanism for the antagonistic action between Shox2 and Nkx2-5 in SAN and PV development. Tbx5 is an upstream activator of Shox2 in IFT development. Tbx5 heterozygous mutant mice and Tbx5 deficient zebrafish exhibit marked reduction in expression of Shox2 and Bmp4 in the IFT, and Bmp4 is completely absent from IFT of Shox2 mutant mice and zebrafish, although its expression in the OFT remains unchanged [57, 61] . Tbx5 acts cooperatively with Nkx2-5 to activate Shox2 expression, which in turn activates Bmp4 in the inflow tract of the embryonic heart [61] . ChIP and reporter gene assays have revealed that Shox2 binds to a promoter/enhancer of Bmp4 and promotes its expression [61] . Pitx2c is an upstream suppressor of the pacemaker gene program in the left SHF, left atria and pulmonary vein [30, [62] [63] [64] [65] . Pitx2 directly binds to the Shox2 promoter in vivo and regulates its expression [64] . Pitx2 can also regulate Shox2 expression indirectly via microRNAs (miR-17-92 and miR-106b-25) that directly repress Shox2 and Tbx3 expression [65] .
Overexpression of human Shox2 in mouse ES cells results in increased expression of Cx45, Hcn4 and endogenous Shox2, but decreased Nkx2-5 and Cx43 expression. These Shox2-EBs exhibit an increased automaticity and can function as a biological pacemakers when injected into rat heart in vivo [66] . Shox2 promoter-driven neomycin gene or GFP have been used as selection strategies to enrich and isolate pacemaker cells from ESCs [67, 68] . In contrast to results with adenoviral transduction with TBX18 in neonatal rat ventricular cardiomyocytes and pig heart [53] , lentiviral Shox2 transduction of neonatal rat ventricular myocytes failed to induce pacemaker activity [53] .
Tbx3
Expression of Tbx3 is first observed in the IFT of the heart, and in the pharyngeal region at E8.5. From E9.5 onward, Tbx3 expression is largely confined to atrioventricular (AV) canal and a subregion of the sinus horn, the forming SAN, complementary to the expression of working myocardial markers Cx40 and Cx43 [69] . Like Shox2, Tbx3 functions predominantly as a transcriptional repressor in the SAN, repressing the atrial working myocardial gene program, and indirectly promoting the pacemaker gene program. Ablation of Tbx3 leads to embryonic lethality at E11.5-E15.5, with ectopic Cx43 expression in the SAN. However, the size of the SAN, Hcn4 expression, and cardiac rhythm in Tbx3 mutant embryos appear to be normal. No changes in cell death and proliferation were observed in Tbx3 mutant SANs. Atrial working myocardial genes Cx40, Nppa and Scn5a are not ectopically expressed within the SAN before E12.5 [70] . However, from E13.5 onward, these working myocardial genes (Cx40, Nppa) start to be ectopically expressed in SAN of Tbx3 mutants, correlated with upregulation of Nkx2-5 expression in the SAN/tail periphery region [15, 45, 70] . Tbx3 expression persists in adult SAN, and adult mice that are hypomorphic for Tbx3 exhibit various lethal arrhythmias, including AV block, bradycardia, sinus pauses and sudden death. The SAN of Tbx3 hypomorphs is hypoplastic with ectopic Cx43 expression, suggesting that continued expression of Tbx3 during later development and adulthood is required for SAN morphogenesis and homeostasis [71] . In Tbx3 hypomorph SANs, expression of Tbx5 and Tbx18 is normal, suggesting Tbx3 acts downstream or independently of Tbx5 and Tbx18 [71] . Consistent with this, compound mutants for Tbx3 and Tbx18 exhibit additive phenotypes of individual Tbx3 and Tbx18 mutants.
Overexpression of Tbx3 in embryonic mouse hearts using Nppa-Cre induces a switch to an SAN gene program and ectopic pacemaker sites within atria [70] . Expression of working myocardial genes Cx40, Cx43, Nppa and ion channels (Scn5a and Kir2.1, kir2.1 and Kir3.1) are downregulated, whereas pacemaker genes are ectopically induced in atria of Tbx3 mutants, including Hcn1, Hcn2, Hcn4 and Cx30.2. However, Nkx2-5 expression is not repressed, suggesting that ectopic Tbx3 can induce a pacemaker-like phenotype in immature atrial myocytes.
Overexpression of Tbx3 in adult hearts using a tamoxifen inducible Cre line (Myh6-MerCreMer) similarly downregulates working myocardial genes responsible for intercellular coupling and inward-rectifying current in both atria and ventricles [72] . However, induction of SAN enriched genes, including a number of pacemaker enriched ion channels (Hcn4, Ca2? channel Cacna1d and Cacna1g), is less efficient compared to the upregulation observed consequent to Tbx3 overexpression in immature atrial myocytes. Accordingly, no ectopic pacemaker activity is induced in an atrial preparation of adult Tbx3 overexpressing mutants. Similarly, lentiviral transduction of Tbx3 overexpression in neonatal rat ventricular myocytes failed to induce pacemaker activity [53, 72] . However, Tbx3 overexpression in ES cells plus an additional Myh6 promoter-based antibiotic selection results in a large fraction ([80 %) of selected cells characteristic of pacemaker-like cells, and aggregates of these cells are able to pace myocardium ex vivo [73] .
Tbx3 ChIP-Seq analyses on heart extracts of Tbx3 overexpressing adult mice revealed that Tbx3 competes with Tbx5 for binding with Nkx2-5, thus repressing activation of Nkx2-5 and Tbx5 target genes, including Cx40, Cx43 and Scn5a [69, 70, 74, 75] . Many enhancers of ion channel genes are directly repressed by Tbx3, including Scn5a and Scn10a. Tbx3 may complex with Baf250a and HDAC3 to bind to the promoter/enhancers of Nkx2-5 and repress Nkx2-5 expression directly [76] . Tbx3 binding to the Nkx2-5 promoter is dependent on physical association with Baf250a, since ablation of Baf250a abolishes Tbx3 binding to the Nkx2-5 promoter, results in increased expression of Nkx2-5, and subsequently Gata4 and Tbx5, suggesting conversion from a pacemaker to working myocardial gene program [76] . However, ablation of Tbx3 at either embryonic or adult stages does not lead to ectopic Nkx2.5 expression, suggesting other factor(s) may exist that are sufficient to repress Nkx2-5 expression. Interestingly, a recent study has revealed that Tbx3 may cooperate with Shox2 to repress Nkx2-5 expression, and mice compound hypomorphic for Shox2 and Tbx3 display significant higher levels of Nkx2-5 in SAN compared to littermate controls [14] . Tbx3 acts downstream of Shox2 and Isl1, and deletion of Shox2 or Isl1 leads to absence of Tbx3 expression [58, 59, 77] . Isl1 ChIP-seq analysis together with a recently published Hi-C seq data suggested that Isl1 may bind two putative long-range enhancers that looped to the Tbx3 promoter to regulate Tbx3 expression [77] [78] [79] .
Isl1
Isl1 is a LIM homeodomain transcriptional factor that marks undifferentiated cardiac progenitors of the SHF and is required for normal heart development [24] . Isl1 mRNA expression is first observed at around E7.0 in lateral plate mesoderm and endoderm [24, 31, 80] . As discussed above, definitive SV or sinus horn progenitors/myocardium of the caudal-lateral most IFT coexpresses Tbx18 and Isl1, but not Nkx2-5 [31, 44] . Initial expression of Isl1 in the IFT is bilateral, however, after E8.5 Isl1 expression in the left IFT is downregulated, thus coexpression of Isl1 and Tbx18 is confined to the right sinus horn that will form the SAN and sinus horn myocardium [30, 31, 44, 52] . Isl1 expression persists in SAN pacemaker cells during embryonic development, but is gradually downregulated postnatally, and persists only in a small subpopulation of pacemaker cells in adult SAN [31, 52, 77, 81] . However, a potential role for Isl1 in adult SAN remains to be addressed. Given its role at embryonic stages in regulation of expression of genes essential for pacemaker cell proliferation and function, it is tempting to speculate that Isl1 may be required in a subset of pacemaker cells in adult SAN, and may confer distinct properties on those cells that fulfill critical functions in pacemaking activity. Lineage studies have revealed that the majority of SAN pacemaker cells are labeled by Isl1-Cre.
Isl1 progenitors are multipotent and can differentiate into multiple cell types within the heart, including cardiomyocytes, smooth muscle cells, endothelial cells and pacemaker cells [24, 52, 82] . Isl1 null mice die at E10.5, with cardiac structures derived from the SHF being severely affected, exhibiting loss of OFT and RV, and severely hypoplastic atria [24] . Isl1 is required for pacemaker cell proliferation, survival and pacemaker function. In zebrafish, Isl1 mutation results in bradycardia and irregular heart beat with frequent pauses [83, 84] . ln mice, reduced Isl1 expression, or ablation of Isl1 in pacemaker cells using HCN4-CreERT2 induced at several distinct embryonic stages, results in bradycardia, increased heartrate variability, and prolonged sinus pauses. Isl1 mutant mice exhibit hypoplastic SANs due to increased cell death and reduced proliferation, and markedly reduced expression of Shox2, Tbx3 and Hcn4 [77] . RNA-seq analyses revealed that Isl1 is a key upstream regulator of ion channels (Cacna1a, Cacna1d, Cacnb1, Hcn4, Kcnn1, and Ank2) and transcription factors (Shox2, Tbx3, Ehmt2, Hdac7, Smyd, and Arid1b) required for SAN function [77, 85] . A number of genes that play important roles in heart or SAN development are downregulated in Isl1 mutant pacemaker cells, including genes associated with cell cycle (Arid1b, Wdr62, Kras, and Myc) and signaling pathways (Bmp4, Rgs4, Calcitonin, Calcrl, Klotho, Sema3c, and Sema3d). Despite marked downregulation of Shox2 and Tbx3, there is no ectopic Nkx2-5 expression in Isl1 mutant pacemaker cells, although a number of atrial myocardial specific genes (Nppa, Nppb, Cx43, and Cx40) are upregulated. Overexpression of Isl1 in mESCs results in upregulation of cardiac progenitor markers and increased cardiomyocyte generation, suggesting a role of Isl1 in cardiac progenitor specification and early myocardial lineage differentiation [86] . Overexpression of Isl1 appears to favor a pacemaker phenotype, as evidenced by increased beating rate, upregulation of a number of pacemaker cell enriched ion channels including Hcn4 and calcium channels, and downregulation of working myocardial genes (Cx40, Cx43, Nppa, Myl2, Scn5a).
RNA-seq and ChIP-seq analyses have revealed that Isl1 acts predominantly as a transcriptional activator within pacemaker cells. Among direct targets of Isl1 are genes important for pacemaker function or implicated in human SND including Ank2, Kl, Tbx3, Calcrl and Flrt2 [13, 71, 77, [87] [88] [89] , suggesting Isl1 mutations may underlie SND. Analyses of DNA binding motifs enriched within Isl1 binding peaks in pacemaker cells have revealed enrichment for other homeodomain and FOX transcription factor binding sites, suggesting that members of these transcription factor families may cooperate with Isl1 to regulate expression of SAN genes.
Together, these studies suggest that Isl1 plays an upstream role in the transcriptional hierarchy that coordinate the specification of cardiac progenitors and subsequent diversification of distinct myocardial lineages including pacemaker cells. However, similar to studies of Tbx3 and Shox2, overexpression of Isl1 results in only partial activation of the SAN program [86] . Thus, to generate a faithful biological pacemaker from ES cells or other adult somatic cells, it is necessary to explore combinations of cardiac transcription factors important in SAN identity and function, and appropriate selection strategies.
Nkx2-5
The Nk2 homeodomain transcription factor Nkx2-5 is among the earliest cardiogenic factors expressed in all myocardial progenitors of the FHF and SHF, with the exception of a subset of progenitors that give rise to the sinus horn and definitive pacemaker cells [13, 31, 44, 45] . Expression of Nkx2-5 increases with myocardial differentiation and is required for myocardial specification and maturation. In the anterior SHF, Nkx2-5 is activated in Isl1 progenitors and plays critical roles in promoting SHF proliferation and OFT morphogenesis. Nkx2-5 acts as a feedback repressor of Bmp2, a gene responsible for cardiac specification, and can directly bind to an Isl1 enhancer and suppress its expression [86, 90] . Ablation of Nkx2-5 leads to upregulation and ectopic expression of cardiac progenitor genes (Bmp2 and Isl1), resulting in over-specification of cardiac progenitors, but reduced SHF proliferation [86, 90] . Conversely, overexpression of Nkx2-5 in differentiating mESCs leads to delayed expression of key SHF factors, including Isl1, Tbx20, Gata4, Fgf10 and Kdr, partially mediated by direct inhibition of Isl1 by Nkx2-5 [90] .
Lineage studies with Nkx2-5-Cre demonstrated that all myocardium is labeled by Nkx2-5-Cre lineages except the sinus horns and SAN head [44, 45] . At E10.5 and thereafter, Nkx2-5 is expressed in atrial and PV myocardium, and SAN tail/periphery. Nkx2-5 acts to repress Hcn4 and Tbx3, and is required to establish the SAN-atrial boundary [15, 45] . Ablation of Nkx2-5 leads to ectopic expression of Hcn4 and Tbx3 throughout the heart tube, and a failure to express atrial chamber genes Cx40 and Nppa, direct targets of Nkx2-5, Tbx5 and Tbx3 [45, 69, 91, 92] . Reduced Nkx2-5 expression in Nkx2-5 hypomorphic mice results in reduced expression of Cx40, and an expansion of SAN genes such Tbx3 and Hcn4 into surrounding atrial myocardium [45] , demonstrating a critical role of Nkx2-5 in regulation and maintenance of the atrial chamber gene program at the SAN-atria boundary.
Nkx2-5 is expressed in the SAN tail/periphery and the PV, and its expression in these domains increases and expands with growth and maturation of the SAN [15, 45] . As discussed above in detail, a recent study uncovered an antagonism between Shox2 and Nkx2-5 in control of pacemaker versus working myocardial cell fate in SAN and PV [15] . Nkx2-5 upregulation is correlated with development of atrial strands that interdigitate and penetrate into the SAN and function as effective conduction paths [17, 19] (Fig. 1) . Sarcolipin-Cre marks more mature atrial myocardium and IFT at E12.5 and thereafter [93] . Ablation of Nkx2-5 in IFT after its initial morphogenesis using Sarcolipin-Cre results in hyperplastic atrial myocardium, expansion of Hcn4 expression, and increased proliferation of both atria and SAN tail/periphery, suggesting a suppressive role for Nkx2-5 in myocardial proliferation of atria and SAN tail/periphery, partially attributed to upregulation of the Notch pathway [93] .
Genomewide association studies have identified Nkx2-5 and Tbx5 as heart-rate associated loci, and mutation of Nkx2-5 and Tbx5 causes SND [15, 89, 94, 95] . Scn5a is the most common gene mutated in human SND and is also implicated in aging-related SND [4, [96] [97] [98] . Scn5a mutant mice exhibit SND with SAN exit block [99] . Scn5a is expressed in working myocardium and SAN tail/periphery, but not within the SAN head. Similar to the other atrial working myocardial genes such as Nppa and Cx40, Scn5a is directly activated by Nkx2-5 and Tbx5, but repressed by Tbx3 [69, 74, 75] .
Pitx2
The homeobox transcription factor Pitx2 is a laterality gene responsible for establishment of the left-right body axis, asymmetrical gene expression, and organ morphogenesis. Pitx2 is expressed on the left side of multiple organs including the heart. Asymmetric expression of Pitx2 in mice is first observed at E8.0 (6 somites) in the left cardiac crescent, the left side of the SHF and heart tube [32, [100] [101] [102] . Subsequently, Pitx2 continues to be expressed on the left side of the developing heart from the venous pole to arterial pole, including the left SV, the PV, left atrium, and the ventral region of both ventricles, interventricular septum and ventral/left OFT [100] [101] [102] . At later developmental and postnatal stages, Pitx2 expression is gradually diminished, with a low level of expression being maintained within left atrium, the PV and RV [64] .
Lineage studies revealed that Pitx2 lineages are confined largely to second heart lineages [62] . Consistent with this, ablation of Pitx2 in the second heart lineage with Isl1-Cre or Mef2c-Cre results in cardiac defects similar to those seen in Pitx2 null mice, including double outflow right ventricle, transposition of the great arteries (TGA), and atrial (ASD) and ventricular (VSD) septal defects. However, expression of Isl1 itself in the OFT of Pitx2 mutants is unchanged, suggesting that Isl1 is not regulated by Pitx2 [62] .
Mutation of Pitx2 has been associated with atrial arrhythmias such as atrial fibrillation. At E8.5 Pitx2 is expressed in the entire left SV with strongest expression in caudal-most mesenchyme, where it is coexpressed with Tbx18 and Isl1 [30, 32, 101, 102] . Pitx2 acts to prevent proliferation and expansion of left SV myocardium [32] , and is required for repressing the pacemaker gene program in left SV, left atria and PV. Global or myocardial specific loss of Pitx2 results in formation of bilateral SANs that are morphologically and molecularly indistinguishable [30, 45] , suggesting a default program for SAN formation. Pitx2 loss or haplo-insufficiency causes atrial fibrillation, and microarray analysis of RNA from mutant hearts revealed upregulation of SAN genes (Hcn4, Tbx3 and Shox2) and a number of ion channels, among which Kcnq1 is implicated in familial atrial fibrillation [64] . ChIP analysis demonstrated that Pitx2 directly binds to and represses the Shox2 promoter in vivo [64] . Pitx2 can also regulate Shox2 expression indirectly via microRNAs (miR-17-92 and miR-106b-25) that directly repress Shox2 and Tbx3 expression [65] .
Conclusion
The SAN is a complex and well-coupled biological system, composed of subdomains and multiple cell types with distinct functions. Formation of the SAN is under tight control of a network of transcription factors acting as both activators and repressors. Despite great progress achieved, important questions remain to be addressed, including the role of these pacemaker specific transcription factors in adult SAN structure and functional homeostasis, both under physiological and pathological conditions. What are the mechanisms underlying the role of Tbx18 and Pitx2 in pacemaker specification, given their profound roles in SAN induction and formation? What are target genes of Tbx18 and Pitx2 in pacemaker progenitors? What is the cell identity of the transitional cells within the SAN? Answers to these questions will further facilitate the development of regenerative therapies, including development of biological pacemakers.
